whereas the cells giving rise to late appearing, more permanent CAs are related to primitive stem cells with long-term in vivo repopulating ability. 21,[24][25] [26] Similarly, in the human CAFC assay both the phenotypes of the CAFC subsets 23 and the in vivo repopulation data in SCID mice 27, 28 and men 29 are conIntroduction cordant with the assumption that CAFC wk 2-3 represent more transiently repopulating stem cells, whereas CAFC wk Chronic myeloid leukemia (CML) is a malignant disorder aris-5-8 are indicators of stem cells that induce stable chimerism ing from a pluripotent hematopoietic stem cell.
typically about 3 years, but eventually an acute leukemic or quencies of malignant and normal progenitor cells before and blast crisis phase develops, which is usually rapidly fatal. 27, 28 and men 29 are conIntroduction cordant with the assumption that CAFC wk 2-3 represent more transiently repopulating stem cells, whereas CAFC wk Chronic myeloid leukemia (CML) is a malignant disorder aris-5-8 are indicators of stem cells that induce stable chimerism ing from a pluripotent hematopoietic stem cell. 1 The disease in vivo. We have previously shown that the FBMD-1 stromal is characterized by excessive production of mature blood cells cell line allows long-term growth of AML leukemic stem belonging predominantly to the myeloid lineage. Malignant cells. 30 In the present study we have investigated the possicells are characterized cytogenetically by a translocation bility of propagating CML stem cells over an extended period between chromosomes 9 and 22 (t(9;22)) and, at the molecuof time in order to improve the analysis of their frequency and lar level, by the bcr/abl hybrid gene resulting from the transpoability to generate committed progenitors. sition of the c-abl proto-oncogene on chromosome 9 to the breakpoint cluster region (bcr) on chromosome 22. 2, 3 The Materials and methods
Enrichment of CD34-positive progenitor cells Stromal feeders
The FBMD-1 stromal cell line was used as described before. pos cells were purified 10% CO 2 , the stromal layers had reached confluence and using avidin-biotin immuno-adsorption columns (CellPro, were overlaid with CML progenitors within the subsequent Bothell, WA, USA) as previously described. 31 2 weeks.
Immunofluorescence analysis
Long-term cultures in flasks A single cell suspension was taken up in medium and several Analytical two-color experiments were performed using a concentrations of the cell suspension were plated in a clonoFACScan (Becton Dickinson). Spillover of FITC fluorescence genic cell assay. in the RPE detector and of RPE in the FITC detector was electronically compensated using appropriately stained control cells. List mode data for 10 000 to 50 000 cells were collected Clonogenic cell assays either ungated or in an electronic gate for cells with intermediate-to-high forward light scatter and low-to-intermediate right Quantification of the number of colony-forming units granuloangle light scatter to exclude dead cells and mature granulocyte-macrophage (CFU-GM) and burst-forming units cytes from the analysis. List mode data for 1000 to 2000 erythroid (BFU-E) was performed using a semisolid (1% events were collected in a gate for CD34 pos cells to analyze methylcellulose; Methocel, Stade, Germany) culture medium CD38 expression on the CD34 pos subset. Flow cytometric data (Iscove's modified Dulbecco's medium; Gibco) at 37°C and were analyzed using Lysys II software (Becton Dickinson). 5% CO 2 . The cultures contained 10% FCS, 0.75% bovine Two-color cell sorting experiments were performed using a serum albumin (A9418; Sigma, St Louis, MO, USA) sup-FACS Vantage flow cytometer (Becton Dickinson) with the plemented with human transferrin (0.6 mg/ml; Behringwerke, Argon laser at 488 nm (100 mW). CD34 pos pre-selected cells Marburg, Germany), lecithin (20 g/ml; Merck, Darmstadt, were sorted into three fractions on the basis of their expression Germany), sodium-selenite (0.2 ng/ml; Merck), ␤-mercaptoof CD34 and CD38.
ethanol (5 × 10 5 M; Merck), erythropoietin (1 U/ml), IL-3 (15 ng/ml), G-CSF (50 ng/ml), granulocyte-macrophage colony-stimulating factor (5 ng/ml) and SCF (50 ng/ml), all at final their ability to produce clonogenic progenitors in LTC flasks (Figure 2a and b) . Mean CAFC frequencies of sorted subsets for 15 min. For slide preparation fixed cells were applied to clean glass slides. Slides were stored at −80°C until use.
of cells from patients 1-4 are presented in Table 2 . CD34 pos /CD38 pos subpopulations from PB samples contained 7000-17 000 CAFC wk-1 and less than 200 CAFC wk-5 per 10 5 NC. BM samples showed a comparable ratio of early and Fluorescence in situ hybridization (FISH) late CAFC frequencies, but absolute frequencies were more than 10-fold lower as compared to PB. In contrast, high freIn double-color FISH a mixture of bcr and abl probes was used, that were labelled by standard nick translation using quencies of late-appearing CAFC (after 5 weeks of culture) were predominantly observed in the CD34 pos /CD38 neg subset, either biotin-16-dUTP or digoxigenin-11-dUTP (both from Boehringer Mannheim). After heat denaturation, 25-50 ng of while CAFC wk-1 frequencies were less than 10-50 per 10 5 NC in BM samples. As shown in Figure 2a , the probe was pre-annealed with 10 g of Cot-1 DNA for 1-3 h at 37°C. The hybridization mixture contained the probes and CD34 pos /CD38 neg subset also persistently produced a high number of clonogenic cells throughout LTC. The number of Cot-1 DNA in 50% formamide, 10% dextran-sulphate in 2 × SSCP. All details concerning pre-treatment of slides, clonogenic cells produced and the frequencies of either early or late CAFC displayed a similar distribution over the various hybridization, washing and immunochemical detection were as reported. 32 The probes used were: (1) Cos-ABL-18, a 40-kb fragment containing the 3′ coding region of the human abl gene; and (2) Cos-bcr-51 containing a 35.5-kb fragment rep- Figure 3a , while Figure 3b shows subsets of progenitor cells studied as exemplified for patient Discussion No. 1 in Figure 2a and b.
Although the frequencies of CD34 pos /CD38 neg CAFC at Frequency analysis of normal human stem cells can be performed using the human CAFC assay. 23 The in vitro functional week 5 exceeded the CAFC frequencies at week 5 in the CD34 pos /CD38 pos subset, the absolute numbers of CAFC over capacity of human stem cells can be evaluated by measuring the clonogenic output of CAFC in stroma-supported LTC in the various phenotypic fractions showed a different distri- Table 2 Mean cobblestone area forming cell (CAFC) frequencies per 10 
BM, bone marrow, PB, peripheral blood. Using CAFC and flask LTC assays we evaluated immature PB and BM progenitors of CML patients with respect to frequency, blood cell production and maintenance in LTC.
Comparison of a series of PB and BM samples of CML patients and BM of normal donors (Table 1) showed that CD38 distribution of CD38 pos cells was very similar between CML patients and normal donors, with only a minority of CD34 pos cells being CD38 neg and a gradual increase in frequency of CD34 pos cells with increasing CD38 expression. These data indicate that CD38 has a similar distribution on malignant and normal progenitors and can be used to separate immature CML cells from more differentiated progenitors. Cell sorting on the basis of CD34 and CD38 was performed and a distinct pattern of early and late CAFC was observed in either CD34 pos/ CD38 pos or CD34 pos /CD38 neg subsets of CML pro- 40 A deficient response of CML progeni- shown to produce high levels of SCF apart from a number of other early acting cytokines, which may account for the effective maintenance of malignant progenitors in our culture findings, as we found high frequencies of late appearing CML system. CAFC in the blood, while 10-to 100-fold lower frequencies
In contrast to an impaired maintenance of CML progenitor were observed in the marrow ( [33] [34] [35] [36] [37] However, as demonstrated before, 34 immature CML mediated adhesion is impaired and can be restored by treatprogenitors cannot be discriminated by expression of CD34 ment with IFN-␣. Furthermore, they showed that integrin and CD38. In contrast, selection on the basis of HLA-DR stimulation combined with IFN-␣ treatment may result in inhiexpression may yield a subset of progenitors enriched for norbition of proliferation. 14 The lack of a preferential outgrowth mal stem cells. 33 The discriminatory capacity of HLA-DR of CML stem cells in our LTC may be explained by the stromal expression is, however, limited. Leemhuis et al 35 showed that support by the FBMD-1 murine cell feeder, which may transnearly half of the myeloid colonies cloned from CD34 
